Electrochemical-controlled Characterization of the Corrosion Fatigue Behavior of Creep-resistant Magnesium Alloys DieMag422 and AE42  by Klein, Martin & Walther, Frank
 Procedia Engineering  160 ( 2016 )  158 – 166 
1877-7058 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the University of Oviedo
doi: 10.1016/j.proeng.2016.08.876 
ScienceDirect
Available online at www.sciencedirect.com
XVIII International Colloquium on Mechanical Fatigue of Metals (ICMFM XVIII) 
Electrochemical-Controlled Characterization of the Corrosion 
Fatigue Behavior of Creep-Resistant Magnesium Alloys 
DieMag422 and AE42 
Martin Kleina*, Frank Walthera 
aTU Dortmund University, Department of Materials Test Engineering (WPT), Baroper Str. 303, D-44227 Dortmund, Germany 
Abstract 
Magnesium alloys offer a high potential for lightweight construction, however their application range is limited due to their low 
corrosion resistance. In the present study the corrosion fatigue behaviors of the creep-resistant alloys DieMag422 and AE42 were 
characterized and compared. In this context, fatigue properties of specimens in sodium chloride solutions as well as under 
simultaneous galvanostatic anodic polarization were assessed in constant amplitude tests. The results were correlated with the 
corrosion behavior of the alloys, which was investigated in instrumented immersion tests. Corrosion- and deformation-induced 
changes in microstructure were observed by light and scanning electron microscopy, yielding a structure-property relationship for 
a comprehensive understanding of corrosion fatigue processes. The reduction of the corrosion fatigue strength with increasing 
corrosion impact could be quantitatively correlated with the adjusted corrosion rates. However, different corrosion morphologies 
between both materials were found, leading to varying influence on the corrosion fatigue behavior.  
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1. Introduction 
Due to their low density, beneficial strength to weight ratio and good castability, magnesium alloys are very 
attractive for lightweight applications, e.g. in automotive applications [1]. However, their application range is 
strongly limited due to their low corrosion resistance, especially in chloride containing electrolytes [2,3], which also 
 
 
* Corresponding author. Tel.: +49-231-755-8426; fax: +49-231-755-8029. 
E-mail address: martin.klein@tu-dortmund.de 
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the University of Oviedo
159 Martin Klein and Frank Walther /  Procedia Engineering  160 ( 2016 )  158 – 166 
 
impairs the fatigue properties under combined corrosive and fatigue load [4]. )RUDXWRPRWLYHDSSOLFDWLRQV
VXFKDVJHDUER[HVDQGFUDQNFDVHVPDWHULDOVhave to withstand loadings at temperatures up to 200 °C, 
which additionally requires D JRRG FUHHS UHVLVWDQFH &XUUHQWO\ DYDLODEOH DOOR\V IRU DSSOLFDWLRQ
WHPSHUDWXUHVXSWRr&RIWHQFRQWDLQUDUHHDUWKVDVDOOR\LQJHOHPHQWVDQGDUHWKHUHIRUH
UHODWLYHO\H[SHQVLYH$VDUHVXOWextensive research has been carriedRXWRYHUWKHODVW\HDUVWR
GHYHORSFUHHSUHVLVWDQWPDJQHVLXPDOOR\Vfree from rare earths [5,6]
In the present study, the influence of corrosion on the microstructure and the dependent mechanical properties 
under cyclic load for the newly developed creep-resistant magnesium alloy DieMag422 (Mg-4Al-2Ba-2Ca) and the 
rare earth containing alloy AE42 was characterized and compared. The investigations aimed at a mechanism- 
oriented description of the interdependency of corrosion and fatigue effects on the corrosion fatigue strength. For 
this purpose, the corrosion fatigue behavior was investigated at equivalent corrosion rates, which were adjusted 
using different environments and targeted polarization of the alloys, which exhibited actually different corrosion 
resistances. 
2. Experimental procedure 
2.1. Materials 
The experiments were conducted with the magnesium alloys DieMag422 and AE42. Chemical compositions of 
the materials, which were cast using a permanent mould direct chill casting process, are given in Table 1. 
Table 1. Chemical compositions (wt.-%) of DieMag422 and AE42. 
Element Al Ba Ca Ce Fe Mn Nd Pr Mg 
DieMag422 4.6 1.6 1.8 - 0.02 0.13 - - bal. 
AE42 3.8 - - 1.2 0.02 0.013 0.29 0.07 bal. 
 
SEM micrographs (Fig. 1a) and EDX analyses of DieMag422 indicate the texture to consist of three phases. At 
the grain boundaries of the primary α-Mg phase a compact Ba-rich phase (Mg21Al3Ba2) and a lamellar Ca-rich phase 
(Al2Ca) precipitate [6]. In case of AE42 a two-phase texture was found (Fig. 1b) with a lamellar Al11RE3 phase 
between the primary Mg phase [7]. 
 
a)  b)  
Fig. 1. SEM images of DieMag422 (a) and AE42 (b) in initial states. 
2.2. Corrosion tests 
Aim of corrosion tests was to adjust equivalent corrosion rates for both investigated materials, which were 
determined by means of instrumented immersion tests. Since both materials exhibit different corrosion resistances, 
various media were used and partially additional anodic polarization of the specimens was necessary to adjust 
similar corrosion rates. Eventually, DieMag422 was tested in distilled water (i.e. 0 mol L-1 NaCl solution) and 
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furthermore in 0.001, 0.01 and 0.1 mol L-1 NaCl solution. AE42 was tested in 0, 0.1 and 1 mol L-1 NaCl solution and 
furthermore in 0.1 mol L-1 NaCl solution under galvanostatic anodic polarization with an applied current density of 
iappl = 300 µA cm-2 as well as in 1 mol L-1 NaCl solution at iappl = 2000 µA cm-2. The polarization stages were 
estimated on the basis of previously performed potentiodynamic polarization measurements, which should also 
prevent exceeding the breakthrough potential. Corrosion rates were then determined in immersion tests according to 
the formed specific hydrogen volume, which is the most reliable method of corrosion rate determination for 
magnesium and magnesium alloys [2]. For the immersion tests the experimental setup introduced by Song et al. [2] 
was applied in a modified way. The specimens were electrically connected and incorporated into a standard three 
electrode system with a silver-chloride electrode (Ag/AgCl) as reference electrode and a graphite electrode as 
counter electrode (Fig. 2a)). The formed hydrogen was collected in a burette. 
 
a) 
 
b)  
Fig. 2. Experimental setups for (a) instrumented immersion tests and (b) corrosion fatigue investigations in self-developed electrochemical cell. 
2.3. Corrosion fatigue tests 
For the investigation of the corrosion fatigue behavior, instrumented constant amplitude tests were performed in 
the aforementioned electrolytes and polarization stages until a limiting number of cycles of N = 2·106. The 
specimens were subjected to a stress ratio of R = -1 at a frequency of f = 10 Hz using sinusoidal load-time functions 
at ambient temperature. For this purpose, a self-developed miniaturized in-situ electrochemical cell with a three 
electrode system, analogous to the immersion tests, was applied to adjust the polarization stages. The experimental 
setup is displayed in Fig. 2b. 
3. Results and discussion 
3.1. Corrosion behavior 
The results of the immersion tests are shown in Fig. 3 as plots of the specific hydrogen formation as a function of 
immersion time. It can be observed, that the formed hydrogen volume increases nearly linearly after a starting 
interval. Corrosion rates mሶ corr were determined according to the linear slope of the specific hydrogen formation as a 
function of time at around 60 h, which corresponds to the duration of a run-out constant amplitude test. The results 
are summarized in Table 2. DieMag422 exhibits a very strong susceptibility to corrosion in chloride containing 
environment, with an increase in the corrosion rate from 101 to 104 mg a-1 cm-2 when increasing the NaCl 
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concentration from 0 to 0.1 mol L-1 NaCl. In contrast, AE42 exhibits only a corrosion rate increase from 101 to 
102 mg a-1 cm-2 at NaCl concentration increase from 0 to 0.1 mol L-1 NaCl. Furthermore, detectable hydrogen 
formation starts only delayed in this environment after approx. 12 h, while on the next higher corrosion stage 
hydrogen could be detected already after 2 h. To adjust a corrosion rate of 104 mg a-1 cm-2 1 mol L-1 NaCl at 
iappl = 2000 µA cm-2 was chosen, showing a much better resistance to corrosion of AE42 in NaCl solution. 
 
a) 
 
b) 
 
Fig. 3. Specific hydrogen formation as a function of immersion time for (a) DieMag422 and (b) AE42 in different environments and polarization 
stages. 
Table 2. Corrosion rates determined in instrumented immersion tests. 
DieMag422  AE42   
cNaCl (mol L-1) mሶ corr (mg a-1 cm-2) cNaCl (mol L-1) iappl (µA cm-²) mሶ corr (mg a-1 cm-2) 
0 1.2 · 101 0 - 1.2 · 101 
0.001 3.1 · 102 
0.1 - 1.9 · 102 
1 - 5.3 · 102 
0.01 3.2 · 103 0.1 300 3.0 · 103 
0.1 2.4 · 104 1 2000 1.3 · 104 
 
To investigate the differences in the corrosion behavior on microstructural basis, micrographs in initial state of 
corrosive attack were taken by SEM as well as macrographs in a proceeded corrosion state. In Fig. 4a micrographs 
of DieMag422 after initial corrosive attack are given. The images clearly show a selective corrosion attack at the 
interface of the α-Mg phase and the lamellar Ca-rich phase. The α-Mg phase serves as an anode and is dissoluted. 
Fig. 4b shows the corresponding micrograph of AE42. Here it can also be observed, that the primary Mg phase is 
attacked by corrosion, but the galvanic corrosion effects are not as pronounced as for DieMag422, since the 
corrosive attack doesn’t strictly initiate at the grain boundaries. Therefore, the cathodic activity of the Al11RE3 phase 
seems to be low, as reported in [8]. Other possible reasons for the improved corrosion resistance of AE42 compared 
to DieMag422 are stabilization of a passivating layer in the presence of rare earths, whose exact formation 
mechanism is not yet clarified [8]. The results of the immersion tests for AE42 in Fig. 3b suggest, that the protection 
mechanism is effective until a specific NaCl concentration, which will be investigated in further more specific 
corrosion tests. Fig. 4c and d show macrographs of cross-sections of DieMag422 and AE42 specimens, which were 
immersed for 1 week in 0.1 mol L-1 NaCl. The DieMag422 specimen (Fig. 4a) exhibits a much higher material loss, 
which corresponds to the much higher corrosion rate in the respective environment. Furthermore the material 
degradation is very homogeneous. On the other hand, AE42 specimen (Fig. 4b) exhibits a lower mass loss. 
However, it is more localized and the corrosive deterioration penetrates deeper into material. This may be a result of 
the better passivating behavior of AE42, which enhances preferential corrosive attack at weak spots of the passive 
layer and consequently more localized but in return deeper corrosion phenomena, such as pitting or crevice 
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corrosion. 
 
a) 
 
b) 
 
c) 
 
d) 
 
Fig. 4. Micrographs of (a) DieMag422 and (b) AE42 in initial stage of corrosive attack; macrographs of (c) DieMag422 and (d) AE42 after 
immersion for 1 week in 0.1 mol L-1 NaCl. 
3.2. Corrosion fatigue behavior 
The results of the constant amplitude tests on the aforementioned corrosion stages and in air as a reference are 
plotted in Fig. 5 as trend S-N curves. S-N curves for DieMag422 and AE42 tested at similar corrosion rates show 
similar progressions. In LCF regime a reduction of the fatigue lifetime, compared to specimens tested in air, can be 
observed, which seems to be independent of the corrosive load and can be attributed to an accelerated crack 
formation due to selective corrosive attack in areas with strain localizations due to localized slipping. In contrast, in 
HCF regime a reduction of the corrosion fatigue strengths can be observed, which correlates obviously with the 
adjusted corrosion rates. Therefore, it can be attributed to the anodic material dissolution, which leads, especially in 
case of DieMag422 in 0.1 mol L-1 NaCl solution, to a severe reduction of the specimens cross-section compared to 
the initial state (Fig. 6a and c). This severe mass loss and the resulting increase in the stress amplitude for long test 
durations cause the deviating progression of the respective S-N curve. 
 
a) b) 
Fig. 5. S-N curves for (a) DieMag422 and (b) AE42 in different environments and polarization stages. 
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a)  
b)  
c)  
Fig. 6. Macrographs of run-out specimens: (a) DieMag422 tested in 0.1 mol L-1 NaCl solution and (b) AE42 specimen tested in 0.1 mol L-1 NaCl 
solution at iappl = 300 µA cm-2; (c) specimen in initial state. 
To compensate this effect, constant amplitude tests in both of the highest corrosion stages, in which the deviating 
progressions were observed, were repeated with intermittent experimental procedure, in which the tests were 
stopped each after N = 0.25·106 cycles and the specimen cross-sections were re-determined to maintain the nominal 
stress amplitude. The re-evaluated trend S-N curves are shown in Fig. 7. For DieMag422 the deviating progressions 
could be compensated by considering the reduction of the cross-section. In case of AE42, an increase of the fatigue 
strength was only achieved for the highest corrosion stage (1 mol L-1 NaCl, iappl = 2000 µA cm-2) by the intermittent 
experimental procedure. For the second highest corrosion stage (0.1 mol L-1 NaCl, iappl = 300 µA cm-2) no 
macroscopic reduction of the specimen’s cross-section could be detected, but deep corrosion pits in return (Fig. 6b), 
as already observed in the long-term immersion tests. 
 
a) 
 
b) 
 
Fig. 7. Re-evaluated S-N curves for (a) DieMag422 and (b) AE42 in different environments and polarization stages. 
Besides the severe mass losses on the highest corrosion stages in HCF regime, also in tests at lower corrosion 
rates and for shorter test durations, earlier corrosion fatigue failure is caused by formation of corrosion pits due to 
anodic dissolution. For example Fig. 8a shows a longitudinal-section of a DieMag422 specimen, which was tested in 
0 mol L-1 NaCl solution in HCF regime. The specimen surface exhibits corrosion pits as a result of the dissolution of 
the D-Mg phase, which are probable initiation sites for corrosion fatigue cracks, like shown in Fig. 8b. The fatigue 
cracks propagate transgranular starting from corrosion pits, which can be found at the breaking edges of failed 
specimens (Fig. 8c). Accordingly, the resulting breaking surfaces (Fig. 8d) exhibit typical features of fatigue failure 
with a flat area of intergranular fatigue crack propagation and transgranular residual fracture. The fatigue crack 
propagation area exhibits the appearance of a cross-section, which is also illustrated in Fig. 8e, showing a 
micrograph of a longitudinal-section in the fatigue crack propagation area. In contrast, the residual fracture area is 
characterized by transgranular crack propagation through the β-phases (Fig. 8f), which can be also observed on the 
breaking surface of DieMag422. AE42 generally exhibits similar breaking features with crack initiation at corrosion 
pits, like shown in Fig. 9a, which shows the breaking edge of a failed AE42 specimen, tested in 0.1 mol L-1 NaCl at 
iappl = 300 µA cm-2 in HCF regime, with a pronounced corrosion pit, from which a corrosion fatigue crack initiated. 
The corrosion pits have, as already mentioned, more localized character and higher penetration depths (Fig. 9b 
and c), suggesting pitting corrosion effects. 
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a) b) 
 
c) 
 
d) e) 
 
f) 
 
Fig. 8. Micrographs of DieMag422 specimens tested in HCF regime: Longitudinal sections (a, b, e, f); breaking edge (c); breaking surface (d). 
a) 
 
b) 
 
c) 
 
Fig. 9. Micrographs of AE42 specimens tested in HCF regime: Breaking edge (a); longitudinal sections (b, c). 
To summarize the presented results, the determined fatigue strengths, comprising the results of the intermittent 
tests for the highest corrosion stages, are plotted as a function of the respective adjusted corrosion rates in Fig. 10. 
For DieMag422 a nearly linear relation is found, while for AE42 the relation shows a bend between two linear 
ranges, which corresponds to the deviating progressions of the S-N curves as a result of the localized corrosion 
effects. Therefore, the diagram illustrates the differences in the corrosion behaviors, which impair in this case the 
corrosion fatigue behaviors. DieMag422 exhibits a poor corrosion resistance but a homogeneous material 
degradation, which results in a ‘linear’ decrease of the corrosion fatigue strength with increasing corrosion rate. 
Therefore, the corrosion fatigue behavior can be estimated on the basis of the corrosion rate and the relation shown 
below, since no change in the corrosion mechanisms occurs over the whole considered spectrum of corrosion rates. 
In contrast, AE42 exhibits a good corrosion resistance in the same environments until a particular NaCl 
concentration due to its good passivation behavior. Generally, the stronger passivation tendency of AE42 leads to 
different corrosion morphology, as a result of localized corrosive attack at weak spots of the passive layer, causing 
corrosion pits with higher penetration depths. With increasing corrosion rates the passivating tendency is weakened 
at a certain point, which can be observed in Fig. 10 by a sharp decrease of the corrosion fatigue strength, illustrated 
by the dashed line. Therefore, an estimation of the corrosion fatigue behavior for AE42 is more complex than for 
DieMag422, since AE42 exhibits a change in the passivating behavior when exceeding a particular corrosion rate. 
The fact, that the area below this point comprises the result for 1 mol L-1 NaCl solution shows, that this is no effect 
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of the polarization. Furthermore, the same corrosion morphology was already observed at lower corrosion rates and 
therefore it can be assumed, that no change in the corrosion mechanisms was caused through polarization. 
 
 
Fig. 10. Relationship between adjusted corrosion rates and determined corrosion fatigue strengths. 
4. Summary 
The corrosion fatigue behavior of the creep-resistant magnesium alloys DieMag422 and AE42 was characterized 
by means of constant amplitude tests at equivalent adjusted corrosion rates. The results were correlated to the 
corrosion mechanisms assessed on microstructural basis. DieMag422 exhibits a low corrosion resistance in chloride-
containing electrolytes, whereas AE42 is less susceptible. However, an equivalent reduction of the corrosion fatigue 
strengths was achieved for both materials by adjusting equivalent corrosion rates. Furthermore, different corrosion 
mechanisms between both materials were found, leading to varying influence on the corrosion fatigue behavior. The 
presented approach of characterizing the corrosion fatigue behavior of different materials at equivalent corrosion 
rates showed differences in corrosion fatigue behavior due to differences in corrosion behavior. Nevertheless, it 
should be kept in mind, that the high corrosion rates for AE42 could only be forced through polarization of the 
material. 
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